The clinical consequences of bacterial infection in the lung are particularly common and serious in individuals with cystic fibrosis. Respiratory distress and progressive lung destruction can be attributed to the accumulation and persistence of viscous purulent secretions in the airways of the lung (1, 2). It is not now known why the airways of these patients remain persistently infected with bacteria such as Pseudomonas aeruginosa despite antibiotic therapy. The cloning of the gene responsible for cystic fibrosis (3) (4) (5) promises to lead to insights and, hopefully, therapies. It has been suggested that factors such as impaired clearance of secretions due to their increased viscosity (possibly due to an ion-transport defect), or reduced effectiveness of aminoglycoside antibiotics from reversible binding to polyvalent anions in the secretions, may predispose to bacterial persistence (6) (7) (8) .
Interestingly, a plausible molecular mechanism for these secondary phenomena was proposed >30 yr ago and largely forgotten. Experiments in the 1950s and 1960s revealed that DNA is present in very large amounts (3-14 mg/ml) in purulent, but not in uninfected, lung secretions (9) (10) (11) . DNA, an extremely viscous polyanion, may contribute both to the increased viscosity of lung secretions and to the reduced effectiveness of aminoglycoside antibiotics (12) (13) (14) . In fact, lung secretions incubated in vitro with partially purified bovine pancreatic DNase I (contaminated with proteases) show a large reduction in viscosity (15, 16) . Based on these observations, bovine pancreatic DNase I (Dornavac or Dornase) was approved in the United States for human use in 1958. Numerous uncontrolled clinical studies in patients with pneumonia and one study in cystic fibrosis suggested that bovine pancreatic DNase I was reasonably safe and effective in reducing the viscosity oflung secretions (17) (18) (19) (20) . However, severe adverse respiratory reactions did occasionally occur, perhaps as a consequence of allergic reactions to a foreign protein or "irritation" due to contaminating proteases (up to 2% trypsin and chymotrypsin was reported present in the final product) (21, 22) . The role of this heavy protease contamination ofbovine DNase I in reduction ofthe viscosity of purulent secretions remained uncertain.
Bovine DNase I has been extensively characterized in classic biochemical studies. The amino acid sequence of the bovine protein was determined in its entirety by Liao et al. in 1973 (23) , and its crystal structure has been solved (24, 25) . Less is known about the human protein. Human DNase I has previously been partially purified from human pancreas, duodenal juice, serum, and urine, and the N-terminal amino acid (leucine) was determined (26) (27) (28) (29) . To evaluate the potential clinical utility of recombinant human DNase I (rhDNase) in the treatment of cystic fibrosis, we have cloned, sequenced, and expressed rhDNase.t Catalytic amounts of rhDNase greatly reduce the viscosity of purulent cystic fibrosis sputum, transforming it within minutes from a nonflowing viscous gel to a flowing liquid.
MATERIALS AND METHODS
cDNA Cloning. A human pancreatic cDNA library was constructed in AgtlO by using polyadenylylated mRNA prepared from freshly obtained and liquid N2-frozen human pancreas (30) . By using oligo (dT) primers and EcoRI-Sal I-Xho I-Sst II adapters, a cDNA library of 0.9 x 106 independent isolates of >600 base pairs (bp) was obtained. Two long probes (probe 1: 5'-GTG-CTG-GAC-ACC-TAC-CAG-TAT-GAT-GAT-GGC-TGT-GAG-TCC-TGT-GGC-AAT-GAC-3' corresponding to amino acids 91-107 of the  bovine protein; probe 2: 5'-TAT-GAC-GTC-TAC-CTG-GAC-GTG-CAG-CAG-AAG-TGG-CAT-CTG-AAT-GAT-GTG-ATG-CTG-ATG-GGC-GAC-TTC-AAC-GC-3' tThe sequence reported in this paper has been deposited in the GenBank data base (accession no. M55983).
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Expression and Characterization of rhDNase. Human embryonic kidney 293 cells were transfected with an expression plasmid pRK.DNase containing a human cytomegalovirus promoter (31) and the signal and coding sequence of clone hDNase 18-1. Cells were maintained in serum-containing medium for 36 hr and placed in serum-free medium; then supernatants were taken at various times. Fluid-phase deoxyribonuclease activity in supernatants was detected by the generation of acid-soluble cpm after incubation of supernatants with radiolabeled DNA (32) . Radiolabeled doublestranded DNA was prepared by incubating an hDNase 18-1 single-stranded M13 template with DNA polymerase I (Klenow fragment) and radiolabeled nucleotides. Zymograms ofin situ deoxyribonuclease activity in SDS/polyacrylamide gels were performed by preparing SDS/polyacrylamide gels (10%o) containing salmon sperm DNA at 10 ,ug/ml and 2 mM EDTA (33) . After electrophoresis, gels were washed in calcium-free buffer to remove SDS and then incubated at 370C with buffer containing calcium, magnesium, and ethidium bromide. When the gel is illuminated by UV light, deoxyribonuclease activity is indicated by the development of a dark band against a fluorescent background of DNA-bound ethidium bromide.
Viscosity of Cystic Fibrosis Sputum. Purulent cystic fibrosis sputum obtained from patients with acute or persistent airway infection was divided into 200-to 400-pg aliquots with a razor blade (1 ml = 1.33 g) and then placed in 1.5-ml polypropylene test tubes. After preincubation at 37°C for 5 min, the test material was added, and after mixing for 1 sec, the mixture was incubated at 37°C for up to 30 min. Viscosity was measured qualitatively by the pourability assay (34) . Pourability was assessed by inverting the tubes and observing the movement of sputum after a tap of the side of the tube. Viscosity was measured quantitatively at 25°C using a Brookfield cone-plate viscometer (35, 36) . A consistent timed protocol of increased and then decreased rpm ofthe cone was routinely used. As has been reported (37), freezing and storing sputum at -70°C did not influence measurement of viscosity.
Agarose Gel Electrophoresis of Sputum DNA. Sputum DNA was solubilized by incubation with 0.5% SDS and proteinase K at 100 ,ug/ml in the presence of 5 mM EDTA, extracted with phenol/chloroform, and precipitated with ethanol. After resolubilization in 10 mM Tris/1 mM EDTA, pH 8, sputum DNA was subjected to electrophoresis in 0.5% agarose gels.
RESULTS AND DISCUSSION
Cloning, Expression, and Characterization of rhDNase. To clone human DNase I, we screened a human pancreatic cDNA library using two long oligonucleotide probes based on the amino acid sequence of bovine pancreatic DNase I. A full-length clone (hDNase 18-1) of 1039 bp was isolated, which, when sequenced ( Fig. 1A) , was found to contain a long open reading frame encoding a polypeptide of 260 amino acids with extensive homology to bovine DNase I (Fig. 1B) .
Two possible in-frame initiation codons (ATG) are present upstream of the nucleotides coding for the N-terminal leucine of human DNase I. The nucleotides between the first ATG and the N-terminal leucine encode a sequence with a hydrophobic core of 12 amino acids, which is a plausible secretion signal sequence. A stop sequence immediately follows the nucleotides encoding the C-terminal lysine. Thus Fig. 1 C and D are schematic representations of rhDNase based on the published three-dimensional x-ray crystallographic structure and hydrogen-bonding scheme of bovine DNase I (24, 25) . Two six-stranded ,-pleated sheets are packed against each other to form the core of the protein, which is surrounded by eight a-helices and six turns. The amino acid residues that differ between the human and the bovine proteins are shown in blue. Except for one region in the 8-sheet structure, almost all of the differences between the human and the bovine proteins are located in hydrophilic regions on the surface of the molecule. Thus, there is sufficient divergence between bovine and human pancreatic DNase I in potentially immunogenic regions to suggest that some of the adverse reactions to the bovine protein could be due to an immune response to a foreign protein. Indeed, in one study, half of the patients given multiple doses of bovine pancreatic DNase developed significant serum antibody titers (38) .
To characterize the properties of rhDNase, 293 cells were transfected with plasmid pRK.DNase containing the human DNase I signal sequence and coding sequence. Cell supernatants from transfected and untransfected cells were analyzed for deoxyribonuclease activity by two methods, fluidphase hydrolysis of radiolabeled DNA and zymography after PAGE. Supernatants from transfected cells, but not from untransfected cells, hydrolyzed radioactive DNA to acid soluble nucleotides ( Fig. 2A) . Increased amounts of deoxyribonuclease activity were observed as a function of the time after transfection. Moreover, an additional 35-kDa protein was observed when supernatants from transfected cells, but not from untransfected cells, were subjected to PAGE (Fig.  2B) . Zymography confirmed that deoxyribonuclease activity was associated with this additionally secreted protein (Fig.  2C) . The predicted molecular mass of human DNase I from the deduced amino acid sequence is 29,300 kDa. The higher molecular weight and broad band on PAGE of rhDNase expressed in mammalian cells is from glycosylation; N-glycanase treatment reduces the material to a single band of -30 kDa (data not shown).
We purified rhDNase and have further characterized its enzymatic activity. Like bovine DNase I, rhDNase depends on divalent cations for optimal enzymatic activity. Hydrolysis of radioactive DNA by rhDNase in the presence of4 mm Ca2' and Mg2+ is reduced >10-fold by the absence of either divalent cation. Moreover, like bovine DNase I, rhDNase is inactivated by heat (100°C for 10 min), is specifically inhibited by actin (using a 1:1 molar ratio ofrhDNase and rabbit muscle actin), and shows optimal enzymatic activity at neutral pH (5.5-7.5) (39) . Both the reported concentrations of Ca2+ and Mg2+ in sputum and the pH of sputum are sufficient to support the activity of rhDNase (40, 41) .
Effect of rhDNase on Cystic Fibrosis Sputum. The effects of rhDNase on cystic fibrosis sputum were examined qualitatively using a "pourability" assay. The results of a representative experiment in which saline, purified rhDNase, protease-free bovine DNase I, and heat-inactivated rhDNase were incubated with cystic fibrosis sputum at 37°C are shown in Table 1 . Purified rhDNase and protease-free bovine DNase (Worthington) but not saline or heat-inactivated rhDNase dramatically increase the pourability of cystic fibrosis sputum in a time-dependent fashion. Similarly, supernatants from mammalian cells transfected with an expression plasmid containing the human DNase I signal sequence and coding sequence, but not supernatants from mammalian cells transfected with a control plasmid, reduced the viscosity of cystic fibrosis sputum.
The qualitative results of the pourability assay were confirmed by quantitative measurement of viscosity with a Brookfield cone-plate viscometer. Cystic fibrosis sputum was obtained from four different individuals with either acute Identical amino acid residues are indicated by an asterisk (*). or persistent infection. The results of experiments in which cystic fibrosis sputum was incubated with various concentrations of rhDNase for 15 min at 37°C are summarized in Fig.  3 . The reduction of viscosity by rhDNase is concentrationdependent (Fig. 3A) and is associated with the reduction in size of sputum DNA as measured by agarose gel electrophoresis (Fig. 3B) . The qualitative and quantitative effects of rhDNase on the viscosity of cystic fibrosis sputum were similar in samples obtained on several occasions from the same individual and in samples obtained from different individuals. No effect of rhDNase was observed on uninfected sputum. Lung secretions are complex nonhomogenous materials that form a viscous hydrophilic gel. The viscosity of uninfected lung secretions or mucus ("white" sputum) has been attributed primarily to mucus glycoproteins. The viscosity of infected or purulent lung secretions ("yellow" or "green" sputum) has been attributed to both mucus glycoproteins and DNA. The dramatic ability of rhDNase to reduce the viscosity of cystic fibrosis sputum indicates that DNA is the factor largely responsible for the increased viscosity of purulent sputum. Although the molecular mechanism responsible for the viscosity of mucus is not clear, it has been suggested that aggregation of mucus glycoproteins yields an "entangled network" of fibers that is responsible for its viscoelastic properties (42, 43) . Our results suggest that large amounts of DNA released by neutrophils that accumulate and lyse in purulent secretions contribute substantially to the entangled network.
Although the reported clinical effects of bovine pancreatic DNase I in uncontrolled human studies are encouraging (17) (18) (19) (20) , it has not yet been conclusively shown that reduction in the viscosity of lung secretions leads to improved lung function. However, studies in experimental animals demonstrate that the increased viscosity of purulent sputum is associated with decreased ciliary transport in isolated frog pharyngeal palate (44, 45) . Moreover, increase in viscosity of purulent sputum is correlated with difficulty in expectoration in patients with chronic bronchitis (46) . Finally, a recent multicenter study of antibiotic therapy of exacerbations in cystic fibrosis reveals that a reduction in sputum DNA content was correlated with clinical improvement (47) . Our studies suggest that inhalation of a rhDNase aerosol may reduce the viscosity of purulent secretions and thereby help individuals with cystic fibrosis and other patients with pneumonia or bronchitis to clear their airways and breathe more easily.
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